Abstract Indium-doped cadmium oxide (CdO:In) films were prepared on glass and sapphire substrates by pulsed filtered cathodic arc deposition (PFCAD). The effects of substrate temperature, oxygen pressure, and an MgO template layer on film properties were systematically studied. The MgO template layers significantly influence the microstructure and the electrical properties of CdO:In films, but show different effects on glass and sapphire substrates. Under optimized conditions on glass substrates, CdO:In films with thickness of about 125 nm showed low resistivity of 5.9 9 10 -5 Xcm, mobility of 112 cm 2 /Vs, and transmittance over 80 % (including the glass substrate) from 500 to 1500 nm. The optical bandgap of the films was found to be in the range of 2.7 to 3.2 eV using both the Tauc relation and the derivative of transmittance. The observed widening of the optical bandgap with increasing carrier concentration can be described well only by considering bandgap renormalization effects along with the Burstein-Moss shift for a nonparabolic conduction band.
Introduction
Transparent conducting oxides (TCOs) including tin oxide (SnO 2 ), indium oxide (In 2 O 3 ), zinc oxide (ZnO), and cadmium oxide (CdO) have attracted much attention due to their tremendous importance in optical and electrical applications [1] [2] [3] . Extensive efforts have been made to obtain high quality TCO films with high conductivity and transparency. CdO has exceptional electrical and optical properties, making it a promising material meeting the strict requirements of TCO applications demanding high performance. However, as it is known, the toxicity and the relatively narrow intrinsic bandgap of CdO limit its application. Fortunately, the bandgap of CdO can be considerably widened via the Burstein-Moss shift by increasing the electron concentration [4] [5] [6] . Therefore, dopants including indium (In), tin (Sn), titanium (Ti), zinc (Zn), aluminum (Al), yttrium (Y), and fluorine (F) have been introduced into CdO to improve the conductivity and widen the bandgap [4, [6] [7] [8] [9] [10] [11] [12] . Aside from environmental issues, doped CdO materials are nearly ideal for photoelectrical and other possible applications, such as solar energy harvesting, optical communications, gas sensors, thin-film resistors, IR heat mirrors, etc. [3, 7, 13] .
Among other effects, doping TCO films can induce a shift in the bandgap. In heavily doped n-type semiconductors, the shift is due to the competitive effects of the Burstein-Moss (BM) band filling and the fundamental bandgap narrowing (BGN) [14] [15] [16] . Narrowing of the fundamental gap is the result of many-body effects and is also known as bandgap renormalization [17, 18] . Good agreement between theory and experiment for the bandgap shift of heavily doped group IV, III-V, and II-VI semiconductors has been demonstrated [14, 18, 19] . For pure CdO films, the bandgap shift has been extensively studied using the Burstein-Moss (BM) theory while accounting for the many-body effects [20, 21] . However, for heavily doped CdO, there has not yet been a systematic report on the dopant-induced bandgap shift which also accounts for the nonparabolicity of the conduction band. All the previous investigations seem to leave out the nonparabolicity or ignore the bandgap renormalization [13, [22] [23] [24] [25] [26] [27] [28] . For a complete understanding of the bandgap shift in doped CdO, an effective theoretical model is needed which considers BGN and a nonparabolic BM shift simultaneously.
In this work, CdO:In films were grown on glass and sapphire substrates by pulsed filtered cathodic arc deposition (PFCAD). PFCAD is a lesser known technique but it has been utilized to grow high quality aluminum doped zinc oxide (AZO) films [29] . Excellent CdO:In films can also be obtained by the natural advantages of PFCAD [10, 30] . Previous studies have shown that the crystallinity and the electrical properties of CdO films are strongly dependent on the growth conditions and the crystalline orientations of substrate materials as well as template layers [7, 31] . Therefore, the effects of MgO template layers and substrate materials on film structural, electrical, and optical properties were also studied. Furthermore, the dependence of the bandgap shift on carrier concentration was carefully measured and systematically investigated by considering the nonparabolic conduction band and the different manybody effects.
Experiment
CdO:In films were grown on borosilicate glass and sapphire substrates by PFCAD using a similar setup of growth system described in ref 10 . Metallic cadmium (99.99 % purity) and indium (99.99 % purity) rods were used as two separate source cathodes which were alternately pulsed. The cadmium and indium plasmas passed through a 90°-bend open coil electromagnetic filter to remove most of the macroparticles. Electrical plasma-generating pulses of 1 ms duration with a peak amplitude of 780 A were delivered at 1 Hz by a pulse-forming network [32] . The concentration of indium in the films was controlled by adjusting the relative number of pulses on each of the two cathodes. Unless otherwise stated, all of the CdO:In films in this study were grown using 30 pulses of cadmium for every 1 pulse of indium, resulting in an indium content of about 2.2 ± 0.7 at. % measured by energy-dispersive X-ray spectroscopy (EDS). The detailed growth process has been described in our previous work [33] . To investigate the effect of substrate materials on film properties, 50-and 100-nm thick MgO template layers were pre-grown on glass and sapphire substrates by PFCAD at 425°C. The growth parameters are listed in Table 1 .
Film thickness was measured using step profilometry with accuracy of about 10 nm. Film structure was investigated by a Bruker X-ray diffractometer (XRD) equipped with an area detector or a Phillips X' Pert-Pro X-ray diffractometer depending on availability. For the Bruker, a LaB 6 powder diffraction standard was used to insure calibration of the 2h angle and to measure the significant instrumental broadening of the area detector. Surface morphology was studied by atomic force microscopy (AFM, Veeco MultiMode). Optical transmittance and reflectance from 250 to 2500 nm were measured using a Perkin Elmer Lambda 950 dual beam photo-spectrometer. The electrical properties were characterized by Hall measurements in the Van der Pauw geometry using an Ecopia HMS-3000 system.
Results and discussion

Structural properties
Atomic force micrographs of 460 nm thick CdO:In films prepared on different substrates are shown in Fig. 1 with the surface roughness listed in Table 1 . The pre-grown MgO template layers are very smooth and show mean surface roughness less than 0.8 nm, which is probably due to the small thickness. Continuously packed and uniform features are observed in all of the CdO:In films. The CdO:In films on glass are smooth with root-mean-square roughness (Rq) of 3.2 nm over a 1 lm 9 1 lm area, while the CdO:In films on MgO/glass are somewhat rougher, exhibiting Rq of 6.8 nm. Increased roughness due to the MgO template is also observed for CdO:In films deposited on sapphire, implying that the MgO layer has an important influence over the CdO:In microstructure.
The XRD patterns of CdO:In films deposited on glass at various oxygen pressures are shown in Fig. 2a . All of the as-deposited films appear phase-pure and are polycrystalline, with an fcc structure typical of CdO (PDF card No: 005-0640). No extra peaks of In, In 2 O 3 and/or Cd 2 InO 4 due to the addition of indium in CdO films are observed, indicating that most of the In substitutes for the Cd or is incorporated interstitially instead of forming a new phase. With increasing oxygen pressure, the intensity of the (200) peak increases, while that of the (220) and (111) peaks decrease as shown in Fig. 2b . The crystallite size calculated from the Scherrer equation is about 35-45 nm and is almost constant with increasing oxygen pressure.
The variation of crystallite alignment with oxygen partial pressure is likely related to the effect of the oxygen vacancy content on the diffusion rate of Cd and O atoms [24, 34] . At relatively high oxygen pressure, it is expected that the diffusion rate of cadmium and oxygen decreases since less oxygen vacancies are able to provide sites for atom migration. Therefore, adatoms more easily find their correct lattice sites and the (200) direction with the lowest surface energy and highest packing density becomes the preferred orientation. Similar phenomena are also observed in ITO films grown at different oxygen pressures [34] .
Similar to the effects of oxygen pressure, variation of the preferential orientation is observed with increasing substrate temperature as shown in Fig. 3 . Several reflections can be observed when the films are deposited at low temperature, but when the substrate is pre-heated to 425°C, only the (200) peak is present. The full-width at half-maximum (FWHM) of the (200) peak decreases with increasing substrate temperature and the crystallite size is listed in Table 1 . Furthermore, a sharp peak in the v-direction for the (200) reflection is observed for the films grown at 425°C, while broad and nearly flat v-scans are obtained for films deposited at lower temperatures. Thus, the overall crystal quality and the crystallite alignment perpendicular to the substrate are remarkably improved with increasing substrate temperature. Figure 4 shows the XRD patterns of CdO:In films prepared at 425°C on glass and sapphire, both with and without a pulsed arc-grown MgO buffer layer. On glass substrates, the films show a strong (200) peak. However, introducing an MgO template layer changes the growth directions, which leads to diverse preferential orientations. When deposited on sapphire substrates, a broad lowintensity hump (200) peak is observed indicating the CdO:In films are likely X-ray amorphous. However, with a 50 nm MgO template layer on sapphire substrate, a single, strong (200) peak of CdO:In films is observed. It is interesting that the XRD spectra of the pulsed arc-grown CdO films on sapphire are remarkably different from the spectra of PLD grown films, where only the latter show an intense (200) peak. [21, 28] . This difference is not yet understood and is, perhaps, surprising since laser ablation and cathodic arcs produce ions of similar energies.
Our observations show that the MgO template layers change the CdO:In growth direction on glass substrates and apparently improve the crystalline quality on sapphire substrates. These different effects of MgO template layers on CdO:In structure are likely associated with the different structures of MgO layers grown on glass and sapphire substrates. The MgO layers on glass substrates show two Further work directly probing the interface layers is needed to fully understand the structure of these samples. Figure 6 shows the electrical properties of CdO:In films as a function of oxygen pressure. The Hall mobility substantially increases while the carrier concentration slightly decreases with increasing oxygen pressure, resulting in a nearly constant resistivity. The variation of carrier concentrations is attributed to the decrease of oxygen vacancies serving as donors, which is consistent with the aforementioned XRD study. Thus, the ionized impurity scattering decreases, which is important since it is a main scattering mechanism that limits the mobility in heavily doped semiconductors. Consequently, the mobility substantially increases with increasing oxygen pressure.
Electrical properties
Electrical properties of CdO:In films as a function of substrate temperature are shown in Fig. 7 . As the deposition temperature increases, arriving adatoms achieve a greater surface mobility, allowing them to thermalize at more favorable positions on the growing film surface [35] . This produces larger crystallites (shown in Table 1 ) with reduced intragrain defect density, both of which facilitate higher electron mobility. In addition, the improvement in the alignment of crystallites further increases the electron mobility and reduces the resistivity.
The electrical properties of CdO:In films prepared on different substrates at 425°C are listed in Table 1 . On glass substrates, the 100-nm MgO template layers lower the resistivity and improve the mobility. On sapphire substrates, higher resistivity and lower mobility are observed in the CdO:In films with MgO template layers. This phenomenon is also observed at lower substrate temperatures. However, both of these observations are not consistent with the XRD, which shows the MgO template layer improved the crystal quality of samples deposited on sapphire while deteriorating the crystal quality for those deposited on glass. Clearly, a more detailed study into the interface structure and carrier scattering mechanisms is needed.
Optical properties
The transmittance and reflectance of CdO:In/glass stacks with film thickness about 230 nm are presented in Fig. 8 . Average transmittance is greater than 80 % from 500 to about 1300 nm in all of the CdO:In films. Over the range studied in this work, the oxygen pressure has virtually no effect on film transparency in the visible region. However, in the near infrared range, the CdO:In films grown at 3 mTorr show slightly blue shift of the plasma edge compared to the other films. This results from the slightly higher carrier concentration of the films grown at 3 mTorr. Different from the influence of oxygen pressure, the transmittance and reflectance of CdO:In/glass stacks prepared at various substrate temperatures vary significantly as shown in Fig. 9 . The CdO:In films show mean transmittance over 80 % in the 500-1500-nm wavelength range, except for the one grown at room temperature. The ultraviolet (UV) absorption edge as well as the NIR plasma edge shifts with changing growth temperature. This is a result of the variation of carrier concentration which shifts the bandgap absorption via the Burstein-Moss effect while the free carrier absorption and reflection influences the near infrared. In addition, the MgO template layer negligibly influences the transmittance and reflectance, which is likely due to the MgO template layer being extremely transparent and very smooth.
The optical bandgap (E g ) of CdO:In films is derived from the optical transmittance spectrum. The absorption coefficient (a) is calculated using the equation [36] :
where T is the transmittance, R is the reflectance, and d is the film thickness, respectively. According to the Tauc relation, the absorption coefficient (a) and the incident photon energy (hm) are related by [27] :
where hm and A are the photon energy and a constant, respectively. The direct optical bandgap of CdO:In thin films is shown in Fig. 10 . It should be mentioned that the calculated optical bandgap is about 0.02-0.05 eV smaller than that in Fig. 10 when the reflectance was neglected (i.e., R = 0) in equation (1). It is extremely important to note that the Tauc relation assumes a parabolic conduction band. However, in our previous study, nonparabolicity of the conduction band in heavily doped arc-grown CdO films was clearly observed [37] . Therefore, the bandgap of CdO:In films is also calculated using the derivative of the transmittance spectra [38, 39] .
where h is the Planck constant, c is the light velocity, and k max is the wavelength of the maximum derivative of the Fig. 10b . Despite the spread in the growth conditions, the optical bandgap clearly widens with increasing carrier concentration. In previous studies, the optical bandgap was obtained from the derivative of the absorption coefficient measured by photoacoustic spectroscopy [38] . In Fig. 10c , it is shown that taking the bandgap obtained from the derivative of the absorption coefficient calculated by equation (1) agrees very well with that derived from the transmittance alone. Furthermore, Fig. 10c shows that film thickness does not make much difference to the measured bandgap value for films showing similar carrier concentrations when using the Tauc or derivative methods.
It is noted that, in Fig. 10b , c, the derivative-based bandgap measurements of the CdO:In films, despite the different growth conditions, are typically about 0.1-0.3 eV lower than those obtained from the Tauc plot. To study this deviation, the optical spectra of over 30 samples with different carrier concentrations and film thicknesses were carefully measured and similar results were observed. However, Segura et al. [28] showed that using the Tauc relation gave lower bandgaps compared with that derived from the absorption coefficient in undoped CdO. Similar results were also observed in single crystal PbI 2 by Ferreira da Silva et al [38] . The opposite results we obtain here imply that the difference between the Tauc and derivative bandgap measurements depends on the material system. Indium doping has a profound influence on the CdO band structure [6] , which is likely the reason for the discrepancy between our work and that of Segura et al. [28] . Clearly, more work is needed to better understand the consequences of using the Tauc relation or other methods when using transmittance (absorbance) to determine the optical bandgap in any semiconductor.
Bandgap shift
Remarkable widening of the optical bandgap has been observed with increasing carrier concentration as shown in Fig. 10b . The optical bandgap of a heavily doped n-type semiconductor is [15, 40] :
where E g0 ; DE BM g ; DE BGN are the fundamental bandgap of the undoped semiconductor, the Burstein-Moss shift, and the bandgap renormalization, respectively. In this work, E g0 for undoped CdO is assumed to be about 2.16 eV [20] , and the bandgap widening at high carrier concentrations in corresponding CdO:In films are referred to this value.
According to Pisarkiewicz's model for nonparabolic conduction bands, the Burstein-Moss shift of the bandgap in a heavily doped n-type semiconductor is [22] : 
where D is the nonparabolicity factor and m Ã 0 is the effective mass at the bottom of the conduction band. For pulsed arc-grown CdO films, D and m Ã 0 are found to be about 0.5 eV -1 and 0.17m e (m e is the free electron mass) respectively, by analyzing the evolution of plasma energy with carrier concentration using the Drude theory [37] . The obtained m Ã 0 is consistent with Coutts' and Dou's results showing a value of about 0.14m e [26, 41] .
Competing with the BM shift is the bandgap renormalization, a many-body effect which is the result of electrondopant interactions along with the Coulomb and exchange interactions between the conduction band electrons [15, 26, 40] . Based on Jain's model, in a heavily doped semiconductor, the bandgap renormalization can be described by [14, 42] :
where R is the effective Rydberg energy for a carrier bound to a dopant atom, N b is the number of equivalent band extrema, and K is the correction factor that accounts for anisotropy of the bands in n-type semiconductors and interaction between the heavy-and light-hole bands in p-type semiconductors. m [21, 22, 37] , the relative dielectric constant is 21.9 [43] , and the values of K and N b are 1 [42] . The three terms in equation (6) represent the exchange energy of the majority carriers, the correlation energy, and the impurity interaction energy, respectively. Equation (6) has been demonstrated to be valid for AZO, ITO and other IV, III-V, and II-VI semiconductors [14, 18, 19, 42] . Figure 11 shows the comparison of the theoretical and experimental results of bandgap shift in CdO films as a function of carrier concentration. It is shown that the calculated bandgap shift agrees well with E T g and demonstrates that the Tauc relation overestimates the bandgap in these arc-grown CdO samples. Therefore, the bandgap of CdO can be well described by accounting for the nonparabolicity of the conduction band along with the bandgap renormalization. The nonparabolic Burstein-Moss shift is about 0.5-1.4 eV depending on the carrier concentration. Accordingly, the bandgap renormalization is typically around 0.2-0.4 eV.
For comparison, the Burstein-Moss shift assuming a parabolic conduction band and effective mass of 0.21m e (See Ref. [20] ) is shown in Fig. 11 and largely overestimates the bandgap widening. Better agreement with the observed shift can be obtained simply by adding in terms for bandgap renormalization. Remarkable improvement can be made by accounting for the nonparabolicity of the conduction band.
Conclusions
Highly transparent and conductive CdO:In films were prepared on glass and sapphire substrates by PFCAD. The structural, electrical, and optical properties of CdO:In films are strongly dependent on oxygen pressure, substrate temperature as well as MgO template layers. The MgO template layers significantly influence the microstructure and the electrical properties of CdO:In films, but show different effects on glass and sapphire substrates. Under optimized conditions on glass substrates, CdO:In films with thickness of about 125 nm show low resistivity of 5.9 9 10 -5 Xcm, mobility of 112 cm 2 /Vs, and transmittance over 80 % (including the glass substrates) from 500 to 1500 nm. The bandgap widening of CdO:In films can be well described by accounting for the combination of bandgap renormalization and Burstein-Moss effects considering the nonparabolicity of the conduction band. A simple expression for bandgap narrowing effects proposed for heavily doped n-type IV, III-V, and II-VI semiconductors is successfully used to study the different effects on bandgap shift for CdO:In films. These pulsed arc-grown CdO:In films exhibiting high conductivity and transparency are potentially suitable for solar cells and other possible applications. Fig. 11 Bandgap shift of CdO:In films as a function of carrier concentration. The electrical and optical properties of CdO:In thin films with different indium contents (0*9 at. %) are described in Ref. [10] 
